Background: Tumoral macrovascular invasion (MVI) of hepatic and/or portal vein branches is a common phenomenon in hepatocellular carcinoma (HCC) and is associated with poorer prognosis when compared to HCC without MVI. Summary: Current international guidelines for the management of HCC recommend sorafenib as the only treatment option in case of MVI. Despite guideline recommendations, several alternative options have been tested to manage HCC with MVI: surgery, transarterial chemoembolization, external or internal radiation, hepatic arterial infusion chemotherapy, percutaneous treatment, cryotherapy, or the combination of two or more of these strategies, with or without sorafenib. Here we will provide a comprehensive state-of-the-art review for the management of this challenging clinical entity based on the most recent available data. Key Messages: There is a growing body of evidence suggesting that alternative strategies to standard-of-care sorafenib might improve survival in patients with advanced HCC with MVI but the level of evidence remains weak. Randomized phase III trials are ongoing and will hopefully provide information leading towards a more personalized treatment algorithm.
Introduction
Tumoral macrovascular invasion (MVI) of hepatic and/or portal vein branches is common during the natural history of hepatocellular carcinoma (HCC) and significantly reduces median survival when compared to patients without MVI [1, 2] . Current international guidelines recommend sorafenib as the only treatment option in case of MVI [3] [4] [5] . Interestingly, the recently released American Association for the Study of Liver Diseases (AASLD) guidelines point out that the selection of treatment may vary depending on the extent of MVI [3] . Indeed, recent data suggest that HCC with MVI might benefit from locoregional therapies alone, or the combination of locoregional and systemic treatments. However, two phase III trials comparing selective internal radiation therapy to sorafenib (SAHAH and SIRveNIB trials) recently failed to meet their primary endpoint to improve survival [6, 7] .
In this review, we will discuss survival expectations with standard-of-care sorafenib and the evolving promising alternative options. We will review the strengths and weaknesses of the most recent available studies and highlight the lessons learned. We will discuss ongoing clinical trials with advanced HCC, either those with MVI alone or those including MVI, which will be the cornerstones leading towards a more personalized treatment algorithm.
Natural History
MVI of hepatic and/or portal vein branches is present in about 10-40% of patients at diagnosis of HCC [1] . If present, it prevents listing for liver transplantation and classifies the cancer as advanced stage of HCC, leading to palliative treatment with poor prognosis [1, 2] .
Of all types of MVI, portal vein tumor thrombus (PVTT) is more frequent than hepatic vein tumor thrombus (HVTT) and most available data regarding the natural history, diagnosis and treatment of patients with MVI are based on patients with PVTT. PVTT significantly reduces median survival (2-4 months) when compared to patients without PVTT (10-24 months) [8] . The extent of PVTT further impacts the prognosis: distal PVTT is usually associated with better survival than PVTT involving first-order branches or the main portal trunk [9] . Regarding HVTT, the involvement of the inferior vena cava seems to be a turning point, portending an even poorer prognosis [10] .
Diagnosis
Cross-sectional imaging plays a vital role in the diagnosis of MVI, in particular contrast material-enhanced computed tomography (CT) or magnetic resonance imaging (MRI). The Liver Imaging Reporting and Data System (LiRADs v14) provides guidelines for PVTT diagnosis [11] . Tumoral thrombosis can generally be expected to follow enhancement characteristics similar to primary parenchymal HCC, when there is a definite soft tissue arterial enhancement not attributable to mixing artefacts and/or enlargement of the portal vein and/ or hepatic vein. While not diagnostic of tumor in the vein, the following features should alert clinicians to the possibility of tumor thrombus: -occluded vein with expanded lumen, or ill-defined walls, or restricted diffusion on diffusion-weighted MRI sequences, or contiguous with typical HCC lesion; -obscured, partially visualized vein; -heterogeneous enhancement of vein not attributable to mixing artefact.
By comparison, nontumoral thrombus does not enhance and usually does not expand the lumen. When standard imaging is controversial, contrast-enhanced ultrasound can provide additional clues to assess the nature of the thrombus. In a cohort of 50 patients, Rossi et al. [12] reported a 98% rate of correctly characterized tumor thrombi with CEUS, which outperformed CT in terms of both thrombus detection and characterization.
Positron emission tomography-computed tomography (PET-CT) was also shown to provide valuable information in this setting. Hu et al. [13] studied the performance of (18) F-FDG PET-CT to confirm malignancy of portal vein thrombosis using 2 criteria: visual analysis and SUV max >3.35. (18) F-FDG PET-CT results were confirmed with histopathological results, clinical, and imaging follow-up. The sensitivities, specificities, and accuracies for the two criteria were 91.5 and 93.6%, 64.0 and 80.0%, and 81.9 and 88.9%, respectively [13] .
When the diagnosis remains unclear with noninvasive techniques, needle biopsy of the thrombus under either ultrasound or CT guidance has been shown to be effective [14] . However, it remains an invasive technique and carries an increased risk in patients with underlying cirrhosis and coagulopathy. Therefore, the benefit/risk ratio should be carefully balanced before considering a biopsy.
Classification
The most conventional classification for PVTT is the classification proposed by the Liver Cancer Study Group of Japan, which divides PVTT into 4 classes according to the extent of the thrombus: Vp1 is defined by the presence of a PVTT distal to, but not in, the second-order branches of the portal vein; Vp2 is defined by the presence of a PVTT in the second-order branches of the portal vein; Vp3 is defined by the presence of a PVTT in the first-order branches of the portal vein; and Vp4 is defined by the presence of a PVTT in the main trunk of the portal vein or a contralateral portal vein branch or both ( Fig. 1 ) [15] .
HVTT was also categorized by the Japanese staging system in 3 categories: tumor thrombosis in a peripheral hepatic vein (pHVTT or Vv1), in a major hepatic vein (mHVTT or Vv2), or in the inferior vena cava (IVCTT or Vv3) [16] .
Treatment Guidelines
International guidelines recommend sorafenib for advanced HCC with MVI, regardless of the extent of MVI [3] [4] [5] . According to the National Comprehensive Cancer Network (NCCN Guidelines version 2.2016) for HCC, in cases of extensive liver tumor burden, sorafenib, clinical trials, or best supportive care are the recommended options, depending on patient's general functional status and hepatic function [17] . The recently updated AASLD guidelines point out that the selection of treatment may vary depending on the extent of MVI, but still underlining that no recommendation could be made for systemic therapy over local regional therapy or a preferred type of local regional therapy based on the available evidence [3] .
The two sorafenib registration trials are the only available level I evidence so far demonstrating an improved survival with an intervention treatment compared to best supportive care in advanced HCC, including patients with or without MVI [2, 18] . Median overall survivals in the subgroup of patients with MVI are provided in exploratory subanalysis: 5.6-8.1 months with sorafenib compared to 4.1-4.9 with placebo [19, 20] . To date, no large randomized controlled trials have provided evidence of survival over standard-of-care sorafenib in this setting.
Alternative Treatment Strategies
Despite guidelines recommending sorafenib as the standard treatment for HCC with any MVI, many studies suggest alternative or more aggressive treatment approaches could benefit selected patients.
Surgical Resection
A systematic review of 24 studies involving more than 4,000 patients with MVI showed that hepatic resection was associated with median overall survival rates of 50 and 18% at 1 and 5 years, respectively [21] . Recently, Kokudo et al. [10] reported survival of up to 3.95 years for resected tumors with major hepatic vein involvement, but sparing the inferior vena cava. In addition, in a large cohort of patients with HCC and PVTT, a study originating from the same group showed that patients who underwent hepatic resection had a significantly longer survival compared to patients treated with nonsurgical strategies (2.87 vs. 1.10 years) [9] . It is important to note that no survival benefit was observed for hepatic resection among patients with Vp4 PVTT. Based on these reports, some experts advocate for offering hepatic resection to patients with first-order branch PVTT and preserved liver function [22] . However, lack of comparison with current standard of care can be considered as a limitation to fully Color version available online endorse and recommend hepatic resection in this setting. This raises the question of conducting a randomized controlled trial comparing resection with current standard-of-care sorafenib. Despite sorafenib being available in most countries since 2008, such trial has never been conducted. To date, there is only one study available comparing survival in patients treated with surgical resection or sorafenib in HCC patients with MVI using a propensity score matching [23] . Under the propensity analysis, the overall survival of patients with HCC and MVI undergoing surgical resection ( n = 46) was similar to that achieved with sorafenib ( n = 39): 12.0 versus 9.7 months, respectively ( p = 0.682).
Transarterial Chemoembolization (TACE)
Although TACE is traditionally not recommended for patients with PVTT [3, 4] due to the increased risk of liver failure, a retrospective observational single-center study compared TACE alone ( n = 295), TACE with radiation ( n = 196), and sorafenib alone ( n = 66) in patients with advanced HCC with portal vein thrombosis. In the matching analysis comparing 46 pairs of patients treated with TACE alone or sorafenib alone, the TACE-alone group had longer median time to progression (3.4 vs. 1.8 months; p < 0.001) and overall survival (5.9 vs. 4.4 months; p = 0.003). However, the difference in terms of overall survival was not persistent with the inverse probability of treatment-weighted outcomes approach [24] .
Hepatic Arterial Infusion Chemotherapy (HAIC)
In 2013, Nouso et al. [25] reported the result of a study assessing the effect of HAIC with 5-fluorouracil and cisplatin for advanced HCC with or without MVI in the Nationwide Survey of Primary Liver Cancer in Japan. In a propensity score-matched analysis involving 682 patients, median survival time was longer for patients who underwent chemotherapy (14.0 months) than for patients who did not receive active treatment (5.2 months, p < 0.0001) [25] . Compared with no therapy, HAIC improved survival, regardless of prognostic factors including MVI. More recently, Song et al. [26] retrospectively compared 50 patients treated with HAIC using cisplatin and 5-fluorouracil and 60 patients treated with sorafenib. In both groups, patients could receive additional locoregional treatments. The median overall survival was significantly longer in the HAIC group than in the sorafenib group (7.1 vs. 5.5 months, p = 0.011). However, due to imbalance in additional locoregional treatments favoring the HAIC group, a subgroup analysis was performed on the group of 83 patients without combined locoregional treatment, showing no significant differences in overall survival (5.7 vs. 5.3 months, p = 0.214) [26] . In addition, two studies compared HAIC and sorafenib in patients with advanced HCC using propensity score matching. Fukubayashi et al. [27] analyzed 72 patients treated with sorafenib and 128 patients receiving HAIC. In this study, more than 50% of the patients had vascular invasion. HAIC was implemented using two regimens: 102 patients were treated by the low-dose cisplatin + 5-fluorouracil regimen, and 26 were treated by the subcutaneous IFN-α + 5-fluorouracil regimen of HAIC. Analysis of 53 patients selected from each of the sorafenib and HAIC groups based on the propensity score-matching method showed no significant differences in survival ( p = 0.750) [27] . Shiozawa et al. [28] compared sorafenib versus HAIC with cisplatin and 5-fluorouracil for in 80 patients with advanced HCC. Despite matching, more patients in the HAIC group had vascular invasion (40%) compared to the sorafenib group (15%) ( p = 0.012) and no significant difference was noted in overall survival between both groups ( p = 0.56) [28] . However, as patients with or without vascular invasion are pooled in these two studies, specific data in the population with vascular invasion are not easy to analyze.
Radiation

External Radiation
External beam radiation therapy has undergone several modern advances, allowing for safe delivery of radiation to HCC with ablative doses. Radiation therapy is an attractive modality because it is not dependent on vasculature to access the tumor. Specifically, arterial embolism is relatively contraindicated in portal vein thrombus because of lack of hepatic inflow. Retrospective single-arm studies have studied radiation in treating HCC with PVTT reporting favorable toxicity profile and interesting efficacy results [29] . One study provides a direct comparison of external beam radiation therapy with sorafenib. Nakazawa et al. [30] retrospectively studied 97 patients: 40 receiving sorafenib and 57 receiving radiotherapy. After propensity score matching (28 patients in each group), patients treated with radiotherapy had a better survival compared to patients treated with sorafenib (median overall survival, 10.9 vs. 4.8 months; p = 0.025). Radiotherapy was an independent factor associated with survival in multivariate analysis [30] .
More recently, a prospective evaluation of stereotactic body radiotherapy (SBRT) in HCC conducted at Princess Margaret Hospital evaluated patients with unresectable HCC [31] . In this phase II study, 56 patients were treated to a median dose of 36 Gy (24-54 Gy range) in 6 fractions. Half of the patients had tumor vascular thrombosis. Overall, the patients had a one-year overall survival of 44%, median survival of 10.6 months, with a local control of approximately 90% at 1 year.
High-dose proton therapy is another form of external beam radiation therapy, but has a distinct physical advantage over standard photon-based radiation therapy. While photons deposit dose beyond the tumor and through the patient, protons deposit energy at a prespecified depth without exit dose, providing a theoretical benefit of organ protection. The most favorable outcomes were seen in a series by the University of Tsukuba, Japan, which included 35 patients with HCC and tumor thrombi in the main trunk or major branches of the portal vein [32] . A median survival of 22 months and a median local progression-free survival of 21 months was observed after fractionated proton radiation to a median dose of 72.6 GyE in 2.2-5.5 GyE fractions. In a prospective phase II study of protons in primary liver tumors, 44 patients with HCC were treated with high-dose protons [33] . Median tumor size was 6 cm, and one-third of the patients had macroscopic vascular invasion. Local control at 2 years was 95%, with a 2-year overall survival of 63%. The results of these prospective studies provide strong rationale for ongoing evaluation of radiation in the Radiation Therapy Oncology Group (RTOG) 1112 study, a phase III study evaluating the addition of SBRT to sorafenib versus sorafenib alone.
Selective Internal Radiation Therapy (SIRT) Several retrospective series have reported the safety and efficacy of SIRT in patients with HCC with or without MVI [34] . Three studies including only patients with HCC and PVTT reported direct comparison of SIRT and sorafenib [35] [36] [37] . Cho et al. [35] evaluated 32 patients from a multicenter retrospective cohort. All patients had PVTT without extrahepatic spread and were treated with radioembolization and compared to 31 consecutive PVTT patients without extrahepatic spread who received sorafenib. No differences in overall survival ( p = 0.97) was observed by propensity score analysis. The sorafenib group showed significantly more grade 3-4 adverse effects than the radioembolization group ( p < 0.01).
de la Torre et al. [36] compared 26 patients with PVTT treated with radioembolization and 47 treated with sorafenib with comparable baseline characteristics. Median survival of 8.8 months in the radioembolization group and 5.4 months in the sorafenib group ( p = 0.047) was reported [36] .
Edeline et al. [37] also found a difference in median overall survival with radioembolization versus sorafenib even after propensity analysis (26.2 vs. 8.7 months; p = 0.054) in HCC with PVTT. Treatment with radioembolization was found to be associated with better overall survival (HR 0.40 [0.19-0.82]; p = 0.013). Importantly, grade 3-4 adverse events were more frequent with sorafenib than with radioembolization (44.6 vs. 17.6%) [37] .
Percutaneous Treatment
Two retrospective studies reported 3-year survival rates of 22 and 77% with percutaneous laser ablation (108 patients) and radiofrequency ablation (13 patients), respectively [38, 39] . However, the lack of control arm prevents a relevant comparison with standard of care sorafenib.
Multimodal or Combination Strategies
Many retrospective studies reported interesting survival results with a wide variety of multimodal or combination strategies.
Multimodal Therapy Including Resection Several combinations including resection have been tested (TACE before or after resection, infusion of postoperative intraportal chemotherapy, preoperative systemic chemotherapy, resection followed by external radiotherapy). Median survival reported in these series range from 13 to 22.1 months [40] . However, no study comparing multimodal therapy including surgical resection with standard-of-care sorafenib is available to date.
TACE Combined with Sorafenib
Two studies provide results with TACE combined with sorafenib in patients with advanced HCC and PVTT. Zhang et al. [41] retrospectively analyzed 45 patients treated with combination therapy and 45 patients treated with sorafenib monotherapy. Median overall survival was equivalent (7.0 and 6.0 months, respectively; p = 0.544). Ha et al. [42] conducted a retrospective study including 658 patients with advanced HCC. Among the 257 patients with portal vein invasion, survivals with combination therapy (TACE plus sorafenib; 25.7 months) and TACE followed by sorafenib (14.0 months) were significantly longer than that with sorafenib monotherapy (5.5 months), regardless of the metastatic status at the time of sorafenib initiation. However, imbalance in patients' baseline characteristics is a concern to properly interpret these results.
HAIC Combined with Sorafenib Ikeda et al. [43] recently published the results of a randomized phase II trial comparing sorafenib alone versus sorafenib plus HAIC with cisplatin in advanced HCC. A total of 108 patients with or without MVI were randomized to receive sorafenib ( n = 42) or sorafenib plus HAIC with cisplatin ( n = 66). The median survival was 8.7 months in the sorafenib-alone group and 10.6 months in the combination group ( p = 0.031). In the prespecified subgroup analysis of overall survival, the combination treatment did not show better overall survival in case of PVTT (9.1 months), compared to sorafenib alone (7.1 months) ( p = 0.086). Following these results, a phase III randomized trial comparing sorafenib alone with sorafenib plus HAIC using low-dose cisplatin and 5-fluorouracil has been conducted.
Although not yet published, preliminary results were recently released [44] . The combination strategy did not significantly improve overall survival in the whole study population compared with sorafenib. However, in patients with main portal vein trunk invasion, the combination of sorafenib plus HAIC significantly improved overall survival (11.4 vs. 6.5 months; p = 0.034) compared with sorafenib alone.
Multimodal Treatment Including Radiotherapy
In a retrospective study with propensity score analysis comparing the combination of TACE plus radiotherapy ( n = 27) versus sorafenib ( n = 27) in patients with HCC with MVI, overall survival in the TACE-plus-radiotherapy group was significantly prolonged (8.9 months) compared to the sorafenib group (3.1 months, p < 0.001) [45] .
Another retrospective observational single-center study compared TACE alone ( n = 295) or TACE plus radiation ( n = 196), and sorafenib alone ( n = 66) in patients with advanced HCC with portal vein thrombosis. In the matching analysis comparing 30 pairs of patients treated with TACE plus radiation or sorafenib alone, the TACE-plus-radiation group had longer median time to progression (5.1 vs. 1.6 months; p < 0.001) and overall survival (8.2 vs. 3.2 months; p < 0.001) than the sorafenib-alone group, in agreement with the inverse probability of treatment-weighted outcomes [24] .
Radiofrequency Combined with Sorafenib
In a randomized controlled trial, Giorgio et al. [46] compared patients with HCC and PVTT treated with sorafenib plus percutaneous radiofrequency ablation of both intraparenchymal HCC and PVTT versus sorafenib alone. Ninety-nine patients with Child A cirrhosis were included (49 in the combination group and 50 in the sorafenib-alone group). One-, 2-, and 3-year survival rates were 60, 35, and 26%, respectively, in the combination group and 37 and 0% at 1 and 2 years, respectively, in the sorafenib-alone group ( p < 0.001). In multivariate analysis, the combination treatment was the only factor predicting survival.
Cryotherapy Combined with Sorafenib One hundred four HCC patients were enrolled in a prospective study assessing the safety and efficacy of sorafenib plus cryotherapy in advanced HCC with portal vein thrombosis but without distant metastasis. Patients were randomly divided into sorafenib-cryotherapy and sorafenib groups. After a median follow-up of 10.5 (4-26) months, the data showed that median time to progression (primary endpoint) was 9.5 months in the combination therapy group versus 5.3 months in the sorafenib group ( p = 0.02). The median overall survival was 12.5 months in the combination therapy group vs. 8.6 months in the sorafenib group ( p = 0.01) [47] .
In light of all these reports, HCC with MVI might indeed be suitable for a strategy combining sorafenib and a locoregional treatment targeting the liver and the tumor thrombus. These combined treatments may potentially provide with better outcomes than sorafenib alone, a treatment with limited objective response rates. However, the body of evidence remains weak, and international guidelines did not endorse any alternative strategy yet. Most studies are retrospective, and the few randomized controlled studies providing positive results over sorafenib included a limited number of patients. Table 1 summarizes the results of all studies providing direct comparison between standard-of-care sorafenib and alternative strategies in the specific subgroup of HCC with MVI.
Ongoing Research and Future Development
Acknowledging that HCC with MVI but no extrahepatic spread is a unique clinical entity that deserves dedicated research, several teams have initiated clinical trials targeting this specific clinical setting. Ongoing phase III trials compare TACE to sorafenib, TheraSphere to sorafenib, and TACE and radiofrequency ablation versus TACE. An ongoing phase II trial compares sorafenib and HAIC to sorafenib, and several combination strategies will be tested ( Table 2 ) . NS, not statistically significant; NA, not available; TACE, transarterial chemoembolization; RCT, randomized control trial; PS, propensity score; RE, radioembolization; RT, radiotherapy; SOR, sorafenib; RF, radiofrequency; HAIC, hepatic arterial infusion chemotherapy. In addition, phase III trials in patients with advanced HCC with or without MVI will provide crucial information. Recently, the results of two trials comparing SIRT to sorafenib in advanced HCC (SARAH trial [NCT01482442] and the SIRveNIB trial [NCT NCT01135056]), have been released [6, 7] . Both were designed to demonstrate superiority of SIRT over sorafenib, and failed to meet their primary endpoint: median overall survival was comparable between both treatment groups: 8.0 months with SIRT compared to 9.9 months with sorafenib in the SARAH trial ( p = 0.179), 8.8 months with SIRT compared to 10 months with sorafenib in the SIRveNIB trial ( p = 0.36).
Some lessons need to be taken for future trials. Firstly, the SARAH and SIRveNIB trials hypothesized that SIRT alone could be superior to sorafenib. In both studies, response rate was significantly higher in the SIRT group (roughly 20% in the treated population) than in the sorafenib group (less than 12%), suggesting that SIRT may be more likely to control the tumor in the liver. However, in this advanced clinical setting, extrahepatic spread can be undetected at the time of treatment initiation. Therefore, the lack of systemic treatment in the SIRT group might have prevented higher response rate to be translated into better overall survival, raising the question that a strategy combining local regional therapy (SIRT) and systemic treatment (sorafenib) may improve the outcome. The SORAMIC and STOP HCC trials will provide the answer to this question. In addition, further information on subgroup analyses, tumor targeting with SIRT (including or not including vascular invasion), and radiation dose delivered to the tumor are important variables to evaluate to improve both the SIRT process and patient selection. Indeed, Garin et al. [48] reported a significant correlation between overall survival and radiation dose (below vs. above 205 Gy) and PVTT targeting (good vs. poor). Secondly and importantly, fewer severe adverse events were observed with SIRT when compared with those treated with sorafenib. This is very interesting considering the limited expected patient survival. Therefore, potential benefit of SIRT should be further explored and future trials should include extensive quality of life as well as cost-effectiveness assessments.
Alternatively, other locoregional therapies are currently being investigated in combination with sorafenib in phase III trials: HAIC plus sorafenib, TACE plus sorafenib, and stereotactic body radiation therapy plus sorafenib. Several new drugs are also investigated in the first-or second-line setting ( Table 2 ) .
After more than 10 years of negative trials testing systemic therapies in HCC, two trials testing antiangiogenic compounds recently met their primary endpoint. Regorafenib demonstrated superiority over placebo in second line after progression on sorafenib treatment [49] . Lenvatinib was shown to be noninferior to sorafenib in the first-line setting [50] . Therapeutic approaches targeting programmed cell death receptor 1 (PD-1) and its ligand, PD-L1, are emerging as potentially effective treatment for the management of HCC [51] . The CheckMate-040 study, a phase I/II trial, included 214 patients with histologically confirmed advanced HCC (sorafenib-naïve or experienced), treated with the PD-1 monoclonal antibody nivolumab. An objective response was observed in 42 patients (20%; 95% CI 15-26) who received nivolumab 3 mg/kg every 2 weeks in the dose-expansion phase. The 6-and 9-month survival rates were 83 and 74%, respectively. In addition, several ongoing trials are evaluating PD-1 inhibitors in combination with other drugs targeting the immune system (NCT01658878) or radiation (NCT02837029). There is indeed a strong rationale to combine PD-1 inhibitors with radiation therapy [52] . It has also been demonstrated that programmed cell death-1 blockade enhances response to stereotactic radiation in an orthotopic murine model of HCC [53] .
Conclusion
There is a growing body of evidence suggesting that alternative strategies to standardof-care sorafenib might improve survival in patients with advanced HCC with MVI but the level of evidence remains weak. Randomized phase III trials are ongoing and will hopefully provide information leading towards a more personalized treatment algorithm. The ideal strategy might be multimodal, using a combination of locoregional therapy and personalized systemic therapy.
